Over the last decade, police departments in the United States and elsewhere began to adopt geographic information systems (GIS) technology, recognizing the advantages of a system that enables the inspection of crime patterns and spatial filtering and querying, as well as more sophisticated analyses. If GIS is seen as a "primary" innovation in law enforcement, refinements in both visualization and geographic precision can be considered a secondary wave. In a case study in Baltimore County, Maryland, aerial photography and global positioning systems (GPS) were introduced and evaluated in an effort to develop an understanding of the possible benefits and limitations of the technologies. Incident street addresses geocoded in the usual manner were compared to coordinates obtained from a GPS instrument accurate to within a meter. Analysis suggests that locational errors were greater for some crime categories than for others.
Over the last decade, police departments in the United States and elsewhere began to adopt geographic information systems (GIS) technology, recognizing the advantages of a system that enables the inspection of crime patterns and spatial filtering and querying, as well as more sophisticated analyses (e.g., Ratcliffe, 2002; LeBeau, 2000) . Although survey data published in 1999 indicated that only 13% of 2,768 departments surveyed were using computerized mapping, anecdotal evidence suggests that the technology is diffusing quite rapidly, particularly among larger departments. The most common applications documented in the survey were incident mapping, hot-spot analysis, and archiving data in support of strategic planning (Mamalian & LaVigne, 1999) .
While the full effect of GIS on policing has yet to be assessed, it is clear that the spatial representation of crime-related data has benefits, even if those benefits are difficult to quantify. If the introduction of GIS in a police department can be regarded as a "primary" innovation, enough experience has now been accumulated to permit the development of various enhancements, or secondary innovations, building on the GIS foundation. Such secondary innovations include Web-based mapping, the addition of aerial photographs as layers in GIS systems, and the use of global positioning systems (GPS) to refine locational data.
This article focuses on two related secondary innovations-aerial photography and GPS-in an effort to evaluate their advantages and disadvantages for policing. Both can provide greater locational precision, but in different ways. Aerial photographs enable the viewer to place incidents in their "true" geographic context by using environmental cues to assess relative location. GPS, on the other hand, provides an absolute measure of incident location with relatively uncompromised accuracy (as long as that location can be authenticated in the field, if necessary). Combining the relative precision of photographs with the absolute precision of GPS readings provides a potentially formidable improvement in "spatial information," an improvement related not only to the accurate positioning of incidents, but also to the (arguably more important) comprehension and perception of police officers.
* Framing the Issues
Comprehensive searches of several bibliographic databases failed to produce any literature directly related to the issue of enhanced accuracy of data points. However, Abler (1993 ), Canter (2000 , and Sorensen (1997) have discussed relationships among GIS and GPS, in law enforcement contexts in the latter two instances. What do we mean by accuracy? In the crime analysis context, accuracy may be regarded as having both spatial and temporal components. Our concern is with the former. What does spatial accuracy mean?
In a state of metric perfection, spatial accuracy would mean absolute accuracy. Incidents or other germane spatial data would be recorded to an accuracy of, say, 1/1000 th of an inch. With this conceptual absurdity as a benchmark, it is clear that accuracy in the law enforcement context means relative accuracy. At the operational level, we seek accuracy that is simply acceptable. As a practical matter, we generally accept the level of accuracy presented by our algorithms, such as the locations seen in GIS products or read from GPS receivers. Accommodations are made along the scale continuum. At smaller geographic scales (representing large areas), accuracy of the kind useful in law enforcement is not a meaningful concept. Map symbols large enough to be legible on a small-scale map become mere approximations of location at a larger scale, subsuming the notion of locational error. At large scales (representing small areas), however, location is a more sensitive issue. At this finer level of detail, small errors may have operational significance, possibly misdirecting significant resources and reducing the probability of successful investigation and prosecution.
As a practical matter, the benefits of locational accuracy must be weighed against the costs associated with obtaining it. Up to an indefinable point, greater accuracy is desirable and is routinely sought after, but precisely when to halt the search is always a judgment call.
* Aerial Photography

Why Photographs?
A decade ago when personal computers were relatively slow and disk storage was expensive, the manipulation of numerous digital photographs on personal computers was essentially impractical. Today, with large, cheap hard drives and fast microprocessors, the storage and manipulation of digital photographs is commonplace and offers few technological challenges. The mere fact that photographs can be deployed in support of law enforcement is hardly adequate rationale for their actual deployment, however. Conventional digital street maps are typically extremely abstract and rather generalized. Street alignments, for example, often appear to be simplified, with complex curves straightened out. In comparison, a large-scale photograph is stunningly rich in detail. Depending on resolution, it may permit, for example, distinguishing between types of motor vehicles on the street, quite apart from showing the street itself in considerable detail (Figure 1) .
If aerial photographs are properly corrected so that the edges of the "tiles" match, and adjusted so that their scale is the same as that of underlying digital street maps, photographs can be edge-matched, introduced as a layer in a GIS, and switched on and off on demand. The photographs used are referred to as orthophotographs (orthos), indicating that they are taken from a camera with the axis of its lens perpendicular to the earth's surface. Unlike an oblique photograph, in which scale varies greatly over the image (foreground versus background), orthos have relatively constant scale, although accuracy does diminish away from the axis of the lens, and may also be affected by such factors as slope and the attitude (not altitude, although it also may be relevant) of the airplane "platform."
The net effect of the application of orthos is that crime data can be put in a realistic environmental context that is able to convey an immediate sense of the character of the area in which an incident occurred. Was it a single-family neighborhood? Multi-family? Commercial? Open space? Did the street have a sidewalk? Were there trees? Conventional abstract maps cannot convey this type of information with the impact of an ortho.
* Global Positioning Systems (GPS)
Using a Global Positioning System to Identify Crime Location Coordinates
Most crime locations are geocoded using the street address of the incident, which has to be matched against the same attribute information contained in a digital map file. Coordinates are determined by relating the matched road segment * Figure 1 Comparative depictions of an area by conventional centerline or "stick" map (left) and digital photograph (right). A shopping center is visible in the aerial photograph (lower left quadrant) but not in the centerline map.
to the digital map. Digital map files with inaccurate or missing attribute information will result in a low geocoding rate, or inaccurate coordinates. One approach to enhancing accuracy in the location of point data is to record the relevant coordinates using a GPS instrument, thus bypassing the geocoding step entirely.
The accuracy of geocoded points can be influenced by the geometry, scale, and projection of the map's theme (i.e., the topic of the map or, in the context of GIS, the currently visible layer). Geometry refers to the relationships among linear elements of the map. The implications of scale have been discussed above. Projection is the process of representing the spherical earth on flat paper, and deals with the necessary compromises that affect spatial relationships on the map vis-à-vis comparable relationships on the earth's surface. Given that maps used in law enforcement are typically large scale, projection issues are not normally significant, and may become critical only when a GIS map layer prepared in one projection is mixed with another map layer prepared in a different projection.
For example, maps generally attempt to represent the earth's surface as realistically as possible. A criticism often directed at the traditional centerline or "stick" map is that smooth or rounded features such as interchange loops or curvilinear streets are represented as rigid lines (see Figure 1 ). Inaccuracies in basemaps may mean that points originally geocoded on one map may appear to be in entirely different locations on another map of the same area. This can happen if the map has been rectified, or corrected, to more accurately represent real world features.
As a consequence of using an inaccurate centerline map for geocoding, we found substantial differences between points on a centerline map and the same points overlaid on an orthophotograph.
1 The practice of geocoding against geographically inaccurate digital basemaps is not uncommon, particularly for jurisdictions with an extended history of using GIS. Many earlier digital maps were developed by digitizing streets and other geographic features, such as parks, from paper basemaps. The geographic accuracy of earlier digital maps was influenced 1 The centerline map used by Baltimore County Police was developed by the Baltimore Metropolitan Council (BMC) using a 1:2,400 scale basemap. Attributes associated with the digital map were populated from a combination of field surveys, utility databases, and computer aided dispatch (CAD) geofiles. The county's planimetric layer and digital orthophotography were developed independently by contractors hired to update the county's GIS digital maps. Higher accuracy was needed for use by engineering and facilities management. Typically, centerline maps are developed from more accurate planimetric features, such as roadways. Such centerline maps are available in Baltimore County, but they lack the attributes found in the BMC digital map. As a result, the county's centerline map could not be used for georeferencing during this study. The county is currently conflating BMC's attribute data to the more accurate centerline file. Once conflated, the more geographically accurate centerline file could be used for geocoding.
by the availability of current basemaps, the map scale of the source documents, and even environmental factors such as humidity that could distort the dimensions and scale of a paper map.
As GIS technology improved, and costs declined, the accuracy of digital maps also improved. Nevertheless, many agencies still rely on legacy digital map files for georeferencing. As a result, geographic coordinates derived from earlier, less accurate digital map files will likely not correspond or relate to more current, updated map features. This can be problematic, particularly when relating legacy coordinates to polygons, such as census tracts whose boundaries are based on more accurate digital maps. To systematically assess the degree of error present in the process of centerline geocoding, we obtained coordinates by using GPS, which is inherently more accurate than the geocoding process.
2
Comparing Address-Matched Coordinates to GIS Coordinates
Differences between coordinates derived from a centerline map and those resulting from a GPS instrument are to be expected. What is of interest, however, is the magnitude of difference between these coordinate pairs. Consistently small differences on the order of a few yards (or meters) could be regarded as trivial, confirming centerline mapping as an acceptable tool. On the other hand, numerous large differences would suggest that significant problems exist with the centerline map. These problems could reflect inaccuracies in the digital map or in the attributed information attached to it.
In order to test the hypothesis of "no difference" between coordinate pairs, 350 cases were initially examined. The 350 cases comprised all residential burglary, motor vehicle theft, and robbery cases reported in the Essex precinct of Baltimore County from March 2000 through July 2000. Thirteen of these (3.7%) were excluded from further analysis because the address could not be address matched (7 cases or 2%) or because the address information was incorrect (6 cases or 1.7%). Distances between coordinate pair values were computed using the distance function in the GIS mapping program MapInfo. The remaining 337 cases showed intercoordinate distances positively skewed toward lower values (skewness = 3.0). The minimum distance between coordinates determined by geocoding compared to GPS was 10.7 feet (3.26m). The median distance was 2 Two types of GPS were used: Magellan GPS ProMark X-CM with an Ashtech BR2 Beacon Receiver for real-time differential GPS, and a recreational Magellan GPS Colortrak model. The GPS equipment was calibrated and checked for accuracy with assistance from the GPS vendor and a geography student from the University of Maryland Baltimore County. The GPS point coordinates were entered into a special data field within the Regional Crime Analysis Program (RCAP) data table for subsequent analysis. 117 feet (35.67m). Table 1 shows descriptive statistics for the distance measured between geocoded versus GPS coordinates.
Although distance between the two sets of coordinate pairs was somewhat less than expected (as indicated by the positively skewed distribution), the last quartile comprised distances greater than 190 feet (57.91m). Distances also remained skewed regardless of the type of crime. The median distance for robbery cases (114.89 feet; 35.02m) was slightly less than for residential burglary (118.19 feet; 36.02m) and motor vehicle theft (121.8 feet; 37.12m). Kruskal-Wallis oneway analysis of variance revealed no statistical significance in distance differences between any of the three crime types.
Determining accurate coordinates using GPS, as opposed to address matching, and then locating those coordinates on a geographically accurate two-dimensional surface can reveal important information about environmental factors contributing to a crime event. It is also important to recognize that inaccurate coordinates placed over a digitally corrected map or aerial photograph can mislead an analyst or investigator. Figure 2 shows two crime incident locations, one provided by address matching and the other by GPS, for a motor vehicle theft. The figure illustrates two issues: the possible problem of making inferences about factors contributing to a criminal incident (motor vehicle theft) based on an inaccurate point location, and the possible benefits realized by accurately locating a point over a 1:2,400 scale digital orthophotograph. The theft occurred in a residential area. The circle shown on the orthophotograph represents a point location (motor vehicle theft) determined by address matching against a centerline file. The square identifies the theft location determined by GPS coordinates. The victim was asked to identify the vehicle's location prior to the theft. The distance between the point locations was 348 feet.
* Table 1 Descriptive Statistics for Distance Between Geocoded Addresses of Crime Incidents and Locations Determined Using GPS (No. of cases = 337). The location determined by address matching places the theft at the end of the street near a heavily wooded area outside of the apartment complex. In fact, the car was not stolen at the location indicated by address geocoding. This inaccurate location could lead to inappropriate responses, such as erecting no-parking signs if auto thefts became a recurring problem in the area. Another possibility is that street lighting might be installed, particularly if it were assumed that people were parking along the street because of parking shortages in the apartment complex.
The GPS location clearly shows that the car was parked within the apartment property in a parking space located on the southwest side of the complex. Police would probably interview possible witnesses who reside in buildings around the actual theft location (there are not many possible witnesses surrounding the wooded location). There may also be possible design (lighting, landscaping, etc.) or security issues that could be considered with respect to the "real" theft location if the auto theft problem were to persist. It is interesting to note that several officers mentioned during this phase of the demonstration project that it was helpful to see where the car was parked when it was stolen. Figure 3 shows two robbery locations, one determined by address matching (represented by a circle) and the other by GPS (square). The robbery occurred on Eastern Boulevard. The distance between the two point locations was 496.6 feet (151.36m). The robbery location determined by address matching places the point outside the shopping center identified as the crime location by GPS, across the street on another commercial property. The robbery actually occurred near the store's entrance as the victim walked toward a car parked on the shopping center lot.
Address-geocoded location of incident (circle) and GPS location of incident (square).
* Figure 3 * Distances between address-matched point locations and locations determined by GPS for robberies occurring on parking lots (n = 3, median = 496.6 feet, 151.36m) were much higher than the median distances reported for all cases reported during the study period (N = 337, median distance = 117 feet, 35.66m) and other robberies (n = 37, median distance = 114.9 feet, 35.02m). (See Table 2 for a comparison of differences between geocoded and GPS coordinates by types of land use.) The large distance between actual (GPS) versus interpolated (address matched) parking lot robbery locations suggests that considerable mapping error is introduced by address matching. Whether errors are critical is a matter of interpretation, however. Indeed, relative distances calculated between pairs of point locations (GPS versus interpolated coordinates) are low in Baltimore County, suggesting that differences between digitally corrected orthophotographic base maps used for address matching are not particularly significant. Interpolated point locations using conventional GIS procedures are adequate when viewed relative to centerline or "stick" maps, provided digital and attribute issues are satisfactorily addressed.
Problems can result, however, from mapping address-matched point coordinates against a digitally corrected image or basemap. Point locations determined by address matching (or geocoding to any other basemap using centerlines or polygons, including cadastral files) should not be construed as representing an actual crime location. Overlaying interpolated point coordinates against a digitally corrected image or basemap could be misleading. There is a potential for problems in interpreting a crime map if interpolated point locations are viewed in relation to more accurate basemaps or aerial photographs.
* Conclusions
The relatively recent availability of aerial photography in a cheaply stored and easily manipulated format has made a new tool available to police departments, helping to enrich and add precision to the products of GIS systems. In addition, the availability and use of inexpensive GPS equipment can significantly improve crime mapping. In this project, the officer assigned to take GPS readings was enthusiastic about using the less expensive, hand-held recreational GPS equipment compared to the bulkier and much more expensive backpack unit. Although backpack units are more accurate, the precision of handheld units is now in the acceptable range since selective availability was removed in 2000. 3 It is quite likely that GPS units will be incorporated in police officers' uniform ensembles in the not too distant future. Wearable GPS is already available in the form of a watch retailing for several hundred dollars. Just as firearms are rarely used by police officers, GPS units also may find infrequent use. However, on those occasions when officers are expected to record locations lacking street addresses, wearable GPS units will demonstrate their utility.
Crime analysts should have the option of choosing between centerline and GPS data (or comparing both), depending on the circumstances, and should also be able to see crime incidents and other collateral data in the context of largescale aerial photographs. As relative costs decline, these amenities will be adopted more broadly.
